This paper proposes an obstacle avoidance algorithm for unmanned vehicles in unknown environment. The vehicle uses an ultrasonic sensor and a servo motor which rotates from 0 to 180 degrees to obtain the distance data, and the profile of the obstacle. In this avoidance algorithm we will use the danger zone concept to judge whether the obstacle will cause a possible collision. The danger zone concept surrounds the vehicle through the intersection of semi-algebraic sets. These semi-algebraic sets use the relative velocity of the obstacle to calculate the area in which obstacles will collide with the vehicle within a pre-specified time period. Combining the profile of the boundary of the obstacle with the danger zone concept, a method for determining the safe maneuvers to avoid collisions is also provided.
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INTRODUCTION
The technique about obstacle avoidance in intelligent automatic vehicles and robots has been developed over 30 years. The purpose is to make the vehicles travel in unknown environments safely. We design a robot which can travel, collect the data from environment and do strategy then planning a trajectory to the destination without collision [1] . Therefore, a significant numbers of solutions have been proposed for this problem such as the "Bug Algorithm" [2] , the "Potential Field Algorithm" [3] [4] [5] , the "Vector Field Histogram Algorithm" [6] , the "Bubble Band Technique" [7] , and the "Grid method" [8] . Bug Algorithm is the simplest obstacle avoidance algorithm. When an obstacle is encountered, the vehicle fully circuits the object in order to find the point with the shortest distance to the goal and is obviously inefficient. The Potential Field Algorithm and Vector Field Histogram Algorithm generate an error condition when the obstacle and goal to the vehicle is collinear but the latter costs a heavy computation load. The Bubble Band Technique requires a ring of sensor set to detect the obstacle in all directions. Grids method for mobile robot to obstacle avoidance is robust and allows continuous and fast motion of the robot without stopping in front of obstacles. However, when the scale of the obstacle is too large this method will consume a large amount of time. Some of the algorithms such as the one presented in [9] need prior knowledge to the environment, such as the obstacle's shape and size, and hence will not be suitable for unknown environments. For multiple cars environment, Liu [10] studied the interaction between two moving cars and proposed a method which allows the follower robots to avoid obstacle while keeping the desired relative bearing or relative distance between robots. In this paper, we used the idea of danger zone for obstacle avoidance. Our method does not require prior knowledge of the obstacles and can be applied for moving obstacle avoidance. The idea of danger zone is previously applied to air collision avoidance. When the two airplanes are at a distance of less than R (R in all studies of closely spaced parallel approaches has been stipulated to be 500 feet), there will be a danger of collision [11, 12] . The purpose is to detect possible collisions earlier so that airplanes can make necessary maneuvers to avoid collision. However, the calculation is relatively complicated because it includes integrations over the entire time interval, and the collision condition must be checked at each time instant. In order to reduce computation, we define the danger zone using semi-algebraic sets. Defining the position of the vehicle as the origin, the danger zone is represented using several semi-algebraic constraints defined by the relative velocity information. Then the collision detection is done by simply checking whether the obstacle lies in the intersection of these semi-algebraic sets.
In this paper, we use a single sensor to get the most of the information about the profile of obstacles and find out the passable routes. This algorithm does not need to get the map or obstacle information in advance and uses the scan results in conjunction with the computed danger zone to determine the best way to avoid the obstacles with minimum computation load.
HARDWARE AND MECHANISM

Unmanned Vehicle
The unmanned vehicle used in this paper is shown in Fig. 1 . It has three wheels, two rear wheels and an omnidirectional front wheel that supports the weight of the vehicle. The radius of the wheels are both 5 cm and the width of the vehicle is 15 cm. Respective DC brush motor is used to drive each wheel. The rotation speeds of the motors are controlled by an L298n dual full-bridge driver board made by ST microelectronics. Beside the wheels, a photo interrupt type encoder is installed to detect the angular velocities and serves as a feedback for speed control. When moving straight forward (pure translation), both wheels run at the same angular velocity in the same direction. When changing directions (pure rotation), both wheels run at the same angular velocity but in the opposite directions. The chip set we used is Arduino-Uno [13] which consists of an 8 bits Atmel AVR microcontroller with complementary components to facilitate programming and for incorporation into other circuit. Arduino-Uno not only manages the motors, sensor responses and makes strategic decisions but also supplies steady power to the I/O ports. For the communication device, we use "X-bee" to transmit the data from the Arduino-Uno board and the sensors to the computer, and to provide a real-time monitoring of the status of the vehicle.
Scan System
The scan system shown in Fig. 2 is composed of a servo motor mounted on the body of the vehicle with an ultrasonic sensor. The servo motor rotates 180 degrees to scan the front of the vehicle. At the same time, the sonar will generate a distance datum for every degree. We set a threshold value to check whether there is any obstacle nearby. If the sensor detects the distance being under the threshold the system will initiate an "alarm". The usage and the limitation of the ultrasonic sensor can be found in [14, 15] . A complete execution of the above mentioned is called a "scan", and every scan can be completed within 2 seconds. The data obtained from the sonar will be used to make a distance to angular position histogram relative to the servo motor. An abrupt change in distance represents the boundary of the obstacle. An example of the scan result is shown in Fig. 4 . Our strategy is to analyze the surroundings frequently as participants are subjected to varied quantities and positions of obstacles in their travel path. In the following simulation, there are two test conditions: a single obstacle and double obstacles (the throat) [16] . 
THE OBSTACLE AVOIDANCE ALGORITHM
The Danger Zone
We execute a "scan" to find out whether an obstacle exists. We then find the semi-algebraic sets to construct the danger zone [11] to check whether the obstacle will cause a collision. We also read the distance reading from the sonar to identify the boundary of the obstacle.
In constructing the danger zone, the unmanned vehicle is represented by a sphere of radius R. The value of R is used to define the collision region around the vehicle. That is, when an object is located within the circle of radius R around the vehicle, a collision occurs.
We define the velocity of the obstacle as v b and the velocity of the vehicle as v e . According to the relative velocity and the initial position, a collision occurs at time t if
where
Equation (6) can be viewed as circles whose center moves with time. Using this concept, we define the trajectory of the moving center as the collision curve. The idea is depicted in the left hand side of Fig. 3 . Obtaining the location and relative velocity of the obstacle from the sensor, we can calculate the collision curve as follows.
To use Eq. (2) for collision detection is not easy. Instead, we bound the set which satisfies Eq. (2) by semi-algebraic sets. For example, when the relative velocity v rx and v ry are both positive and constant, the danger zone is
where (6) is the horizontal shift of the collision curve and is related to the slope of the collision curve [11] . In this case, the collision curve is a straight line. Given the relative velocity of the obstacle, if the obstacle is located in the danger zone D z , we know the vehicle will collide with the obstacle within the pre-specified time period T . One benefits of using danger zone is that we can use only a few numbers of types of danger zones but can represent various situations. The semi-algebraic sets can be calculated in advance and the vehicle will only need to store the coefficients used to define the danger zone. When being applied to collision detection, the vehicle only needs to check whether the relative position of the obstacle is located inside the danger zone by a few semi-algebraic computations. More complicated kinds of situations about the relative velocity such as v rx and v ry are varying with time can be found in [11] .
According to the equations above, we can find out that the D c is related to the slope of the collision curve. If the obstacle is stationary, we can represent the equation as functions of the heading angle of the vehicle. That is, x − r − cot β − (x e − y e cot β ) ≤ 0 (7)
Equations (7) and (8) can help us find the safe headings of the vehicle. An example is provided in Section 4.
The Determination of the Better Obstacle Boundary to Pass
Other than the scanned information, we additionally store the distance of the edge multiplied by the cosine of the angular location in which the sensor detects the edge. This information will be used for the vehicle to detect which edge point is easier for the vehicle to avoid. Consider the case shown in Fig. 4 , the distances of the boundary A is closer to the vehicle than the boundary B and the vehicle may incorrectly determine to follow the direction of A to avoid the collision. However, if we projection the distance on the plane perpendicular to the heading of the vehicle, the vehicle knows the boundary B is closer to the vehicle route and will move to the direction of B instead.
THE USAGE OF DANGER ZONE FOR UNMANNED VEHICLES
In the following, we demonstrate the usage of the danger zone concept to determine whether the obstacle will collide with the vehicle within a pre-specified time period. We set the initial position of the vehicle at (0, 0) and the destination at (600, 800). The vehicle will move at a constant speed of 5 cm/s. The units in the example are centimeters in distance and seconds in time.
At the beginning, the vehicle will rotate toward the target by the angle until it detects an obstacle and initiate an alarm. As shown in Fig. 5 , at the position AP1, the vehicle is alarmed. The scan system will check whether boundary position BP1 and BP2 is dangerous and calculates the safe passing angle as a new heading. The middle point MP1 is the position at which the alarm stops. Then the vehicle will rotate toward the target again till the alarm occurs at AP2. By using the danger zone estimation the vehicle will avoid the obstacle 3 and stop at MP2. Finally, the vehicle moves to the target safely.
At each position where alarm occurs, the scan system starts to collect the information of the obstacle. Table 1 shows the distance data obtained at AP1. There are actually two obstacles at AP1. The boundaries of the obstacles closer to the vehicle's heading angle are identified as BP1 and BP2.
Examining the change of obstacle distance, the two boundaries are assumed to be at angles 20 and 75 • . We further calculate the positions of these BPs and judge whether the BPs will threat the vehicle by the following projection formula:
where θ 1 is the angular position of the BPs. Using Eq. Then we can calculate the relative velocity as v rx = −3, v ry = −4. From the relative velocity, the value of r = 25. By the signs of the relative velocity, we know that this is the case of 2.1.4 in [12] . The danger zone Table 2 shows the results of checking the semi-algebraic conditions of the sets forming the danger zone. If the condition all of the conditions of D − x , D − y and D c are satisfied, the obstacle lies within the danger zone. Hence, a collision will occur within T . In Table 2 , the conditions satisfying the semi-algebraic constraints are marked in boldface. We can find out that the BP2 lies within D − x , D − y and D c in the 5 sec period. This means the vehicle will collide with the obstacle within the 5 sec period. According to the result, if the vehicle still maintains the heading angle it cannot pass though the throat. Hence, it is necessary to calculate a new safe heading. By using Eq. (9), we calculate the feasible headings as follows: 323 − 25 − 419 cot β − (300 − 400 cot β ) ≤ 0β 2.1 ≤ 96
• 323 + 25 − 419 cot β − (300 − 400 cot β ) ≥ 0β 2.2 ≥ 22
• We then find that the safe heading angle lies between -12 and 22 • . The new heading α 2 is computed as
The weighting k is used to determine which obstacle we would like to stay farther. Here, we will use k = 0.5, and the new heading angle is α 2 = 0.5(−12
When the vehicle arrives at AP2 the alarm is raised again. The distance data is shown in Table 3 . In this case, there is only one obstacle but with a wide area facing the vehicle. Therefore, we cannot only check the boundaries BP3 and BP4 of the object since the vehicle may mistakenly head toward the direction between the two boundary points. To overcome this situation, the scan system will collect the distance data as obstacle points (OPs) every scan interval of δ between BP3 and BP4 to depict the shape of the obstacle. The interval of the OPs is related with the diameter of the vehicle and the distance threshold of raising an alarm. We have to make sure the scan angle interval δ generates enough OPs so that the vehicle will have no chance to pass through these OPs. In our experiment, δ must be less than 17.5 degrees. The details of the latter part of the example are shown in Fig. 7 . The results in Table 4 show that OP1 and OP2 are dangerous obstacle points. Hence, it is necessary to calculate a new safe heading. In this case, there is only one object. Therefore, we only need to check which boundary point is close to the route to the target. Since the distance to BP3 has shorter projection on the plane perpendicular to the heading of the target, the vehicle moves toward BP3 and stops at MP2, where no alarm is raised. Finally, the vehicle moves to the target safely. Table 5 shows the process of the example.
CONCLUSIONS
In this paper, we presented an algorithm that uses the concept of danger zone to avoid obstacles. The danger zone is represented as several semi-algebraic constraints whose forms are pre-computed. When an obstacle is detected, we substitute the necessary information to the danger zone constraints and check whether an avoidance maneuver should be applied. The danger zone detection scheme relies on the relative position and velocity of the obstacle to the vehicle and does not necessary require that the obstacle is stationary. Therefore, it is possible to apply the danger zone detection scheme for a more complicated environment such as objects moving at different speeds. We also used the projection of obstacle distance and checking danger zone constraints to determine the best direction to move around the obstacles. The combination of the danger zone concept and the distance projection information for best avoidance maneuver for multiple obstacles will be pursued in the future.
